Emissions from the FeO orange bands have been observed in the laboratory for many decades. The transition has been identified as D( 5 Di)-X( 5 Di) where the subscript identifies the five U spin components. While the ground-state molecular constants are well-known, information on the upper state is less precise, and this is primarily due to significant energy level perturbations. Using the available constants, a preliminary spectral simulation model of the orange bands has been developed with a wavelength accuracy of approximately 1/3 nm. Using data from the OSIRIS spectrograph on board the Odin spacecraft, these FeO orange bands have been identified as a component of the night airglow spectrum emanating from the upper mesosphere. The spectral simulation model is combined with the OSIRIS observations to determine the vibrational development of the FeO emissions in the airglow. The model is also applied to published laboratory observations of the orange bands, conducted at much higher pressure than for the airglow, to test for different vibrational development.
Introduction
The study of the terrestrial night airglow dates back more than a century to the first measurement of the wavelength of the mysterious ''green line'' by Å ngström [1] , reported as 556.7 nm. The source of the green emission was identified by McLennan and Shrum [2] as a transition from the OI metastable 1 S 0 state to the 1 D 2 state. Barbier et al. [3] established the presence of an underlying terrestrial based continuum in the airglow, which is in addition to the star background and zodiacal light inherent in ground-based observations. Sternberg and Ingham [4] evaluated the continuum differential brightness at a series of wavelengths in the visible and near infrared from their spectrometric observations. They found the continuum peaks at around 600 nm and noted the similarity to the NO + O ? NO 2 * chemiluminescent air afterglow spectrum. A number of rocket-borne observations of this NO 2 * air afterglow emission have been made at high latitudes [5] [6] [7] [8] . Gattinger et al. [9] found that the NO 2 * night airglow emission is much brighter at polar latitudes than at low latitudes. Cosby and Slanger [10] presented a night sky spectrum obtained from the echelle spectrograph and imager (ESI) on the Keck II telescope on Mauna Kea, 208 north latitude, which shows a structured continuum in the 550 to 650 nm region that does not match the spectral shape of the chemiluminescent NO + O ? NO 2 * emission [11] .
Evans et al. [12] observed this unidentified spectral feature in the night airglow using a space-borne spectrograph in limb tangent viewing mode. By subtracting spectra obtained above the main airglow layer, they removed the stellar and zodiacal light background and so isolated the airglow component. After removal of known airglow emission features, particularly the OH Meinel vibration-rotation bands, the spectral shape in the 600 nm region was observed to be very similar to the structured pseudo-continuum observed in both a Leonid meteor persistent train and in a laboratory spectrum of the FeO orange bands [13] . Further, by positive correlation with the Na airglow emission in both intensity and altitude distribution, they identified the 600 nm feature as arising from the FeO orange bands.
As is the case with atomic hydrogen, both Fe and Na form catalytic cycles with O and O 3 , thereby destroying the odd O as well as playing significant roles in ion chemistry in the mesopause region [14, 15] . In addition, the temporal and spatial distributions of Fe and Na can be used as tracers of atmospheric dynamics [16] .
To extend the analysis of the FeO orange bands, a spectral simulation model has been developed using laboratory determinations of the molecular constants of the upper and lower states. The model is also used to investigate the vibrational development of both the observed FeO airglow and the laboratory spectra. Finally, a tabulated model spectrum with 1/10 nm bins is presented as an appendix.
FeO orange bands observed in the night airglow
The airglow observations presented here were made with the optical spectrograph and infrared imager system (OSIRIS) [17] on the Odin spacecraft [18] that was launched on 20 February 2001. The ascending node is nominally at 1800 Local Time, and the orbit inclination 97.88. The tangent limb is scanned vertically at approximately 0.75 km s -1 with a field of view of 1 km and exposure times typically 2 s. The limb tangent point absolute pointing knowledge is known to better than one-half kilometre.
The full 275 to 815 nm wavelength range is exposed simultaneously with a spectral resolution of approximately 0.90 nm. Accurate relative spectral calibration of the OSIRIS instrument is essential to obtain reliable emission ratios. Prelaunch calibrations with standard lamps are the basis of the calibration, supplemented on-orbit with astronomical observations. The absolute calibration error is ±10% and the precision approximatley 5%. On-orbit daytime limb scatter spectra are combined with simulations using the SASKTRAN threedimensional radiative transfer model described by Bourassa et al. [19] to refine the calibrations during the mission.
Spectra from individual limb scans are analyzed over the 75 to 105 km limb tangent altitude range. For each limb scan, a slowly changing CCD dark pattern is determined from the exposures in the 105 to 110 km tangent altitude range and subtracted from the observed tangent limb spectra. This background subtraction procedure automatically removes any non-terrestrial emission sources, including zodiacal light and integrated light from stars [4] . The effects of scattered solar radiation were excluded by using only those spectra for which the solar zenith angle was greater than 1018.
An averaged airglow spectrum from 450 to 720 nm, limb altitude range from 80 to 92 km, is shown in Panel A of [20] that arises from enhanced NO in the dark polar regions [9] . Following the procedures described by Evans et al. [12] , the modeled night airglow spectrum is show in Panel B (Fig. 1) . The Meinel OH bands have been modeled using the relative band intensities determined by Cosby and Slanger [10] and the line strengths of Langhoff et al. [21] . Similarly, emissions from the O 2 (b 1 S g + -X 3 S g -) system have been modeled using the relative band intensities determined by Slanger et al. [22] . Also, in the blue spectral region, the O 2 Herzberg and Chamberlain emissions have been estimated using the tabulations of Cosby et al. [23] . The residual spectrum determined by subtracting the modeled spectrum (Fig. 1, Panel B ) from the observed spectrum (Fig. 1, Panel A) is shown in Panel C of Fig. 1 . It should be noted that the spectral regions containing the bright atomic emissions in the upper curve, OI ( 1 S-1 D) at 557.7 nm and the Na doublet centred on 589.3 nm, have been omitted in the lowest spectrum. Evans et al. [12] identified the main features in the residual spectrum as arising from the FeO orange bands. The spectral nature of these bands is investigated in more detail in the following sections.
Spectral simulation of the FeO orange bands
The FeO orange bands arise from a 5 D i -5 D i electronic transition [24] . The molecular constants for the X( 5 D i ) ground state and the formulae for calculating the energy levels of the five U spin components have been tabulated by Cheung et al. [25] and Taylor et al. [26] . For the upper state of the orange bands, Barnes et al. [27] determined that there are two electronic systems involved, which they called
They placed the origin of the U = 4 spin component for the newly identified D'-X system at 611 nm and they provided approximate molecular constants. For the D-X system, the experimental results of Son et al. [28] suggest the origin is at the 591.1 nm band, an assignment that yields qualitative agreement with the published locations of band heads. However, the actual band assignments remain uncertain [29] .
In the present work, band origins for the five U spin components have been calculated for transitions from a range of upper vibrational levels to a range of ground-state vibrational levels. Only DU = 0 transitions are included in this initial analysis. Rotational energy level differences from the upper state to the lower state have been calculated for each of the vibrational bands for the R, Q, and P branches. Approximate values of the line strengths, S J , for the R, Q, and P branches of the FeO orange bands have been inferred from the rotationally resolved spectra obtained by Barnes et al. [27] at a known emitting temperature. These provisional experimental line strengths are similar to the classical Hönl-London values [30] .
A model spectrum of the D-X 0-0 band in the 592 nm region is shown in Fig. 2 for an assumed temperature of 200 K. The five U spin components are apparent, each is assumed to be of equal brightness for this initial simulation (see below). For each U component, the R and Q branches are concentrated within a span of approximately 1 nm, while the P branch extends over approximately 4 nm. The full width of each band, over the five U components, is about 10 nm. The calculated band positions for the brighter bands of the D-X system, from approximately 500 to 750 nm, are listed in Table 1. The reference wavelengths for each band is the U = 4 spin component and the R 4 (10) rotational line position, which is typically near the R branch head. For example, from Table 1 the 0-0 band is located at 591.3 nm, in agreement with the location of the U = 4 R branch head in Fig. 2 . Wavelengths for bands with v' and v@ less than approximately three are expected to be accurate to *0.1 nm, but are more uncertain for higher values because of decreased accuracy of the molecular constants. Perturbations of the upper energy levels are not included in the model, since, considering the OSIRIS measurement accuracy, they are not expected to affect the analysis presented in the following sections.
A model spectrum for the D'-X 0-0 band is shown in Fig. 3 . Again, the R, Q, and P branches are apparent, but for each band there is a marked difference in the wavelength distribution of the five U components compared with the D-X system shown in Fig. 2 . The U = 4 R(10) wavelengths for the D'-X bands are also listed in Table 1 .
The next step in the model simulation of the FeO orange bands is to determine the relative intensities for each of the bands by comparing with the observed spectra. For the orange bands, in emission the relative intensities of the five U components in a given band are essentially equal [24] . Similarly, from the Cheung et al. measurements [25] it appears that bands in the D'-X system have approximately the same intensity as those in the D-X system, a simplification that is assumed in the present simulation. As a result, the band intensities derived in the next section are an average of the two systems.
Franck-Condon factors, which specify the relative band intensities within a given v' progression, do not appear to be available for the internuclear distances of the D and D' upper states determined by Barnes et al. [27] . If FranckCondon factors were available, the precision of the present spectral simulation could be improved. As a tentative solution since the internuclear distances are similar, it is assumed that the relative band intensities within a given v' progression are the same for both D-X and the D'-X systems. The final band intensities are then determined iteratively by matching the model spectrum against the available experimental spectra.
The maximum attainable energy levels in the excited FeO molecules arising from the Fe + O 3 ? FeO + O 2 reaction are limited by energy balance considerations. Helmer and Plane [31] have indicated that the reaction is exothermic by 307 ± 8 kJ mol -1 . From electronic and vibrational term value sums calculated using constants derived by Barnes et al. [27] , the maximum upper state vibrational levels for the D' and D systems are v' = 10 and v' = 12, respectively. These limits have been assumed for the band simulations described below.
The contribution from FeO isotopologues, other than 56 FeO, to the total emission is expected to be approximately 8% [24] . The measured isotopic shifts in band locations are less than approximately 0.1 nm, significantly smaller than the 0.9 nm resolution of the OSIRIS spectra. Thus, the effects of isotopic shifts are not included in the present model. In summary, the objective here is to derive the relative band intensities within the observed spectra of the FeO orange bands using the model and so identify the spectral components that contribute to the observed total emission at each wavelength. The application of the spectral model to the observed FeO orange bands is discussed in the next section.
Comparison between model and observed FeO orange bands
The observational data for comparison with the model discussed in the previous section include the OSIRIS FeO night airglow spectrum shown in Fig. 1 , Panel C (repeated in Fig. 4 ) and the laboratory fast flow tube spectrum of Jenniskens et al. [13] , shown in Fig. 5 . The spectral peaks in the laboratory spectrum are located slightly shortwave relative to the peaks observed in the airglow spectrum. Jenniskens et al. [13] have noted that ''the relative heights and shapes of the three dominant FeO peaks may be somewhat different at low pressure when quenching is absent''. This difference between the two observed spectra is investigated here.
Simulations are performed simultaneously on the airglow and laboratory spectra to determine mutually satisfactory relative band intensities within each v' progression for both observed spectra (see discussion of Franck-Condon factors above). This iteration is interleaved with an uncoupled determination of the relative populations in each upper vibrational level for the two observed spectra. As noted previously, the band intensities for the D-X and the D'-X systems are assumed to be equal.
The comparison between the model spectrum and the observed airglow spectrum is shown in Fig. 4 . The corresponding relative band intensities are included in Table 1 . The model spectrum has been summed into 0.1-nm bins and then convolved with the 0.9 nm spectral resolution of the OSIRIS observations for the comparison. The brightest bands tend to fall near the Dv = 0 locus (Table 1) ; this is to be expected, since the internuclear distances for the D, D', and X states are all very similar [27] . Despite the many degrees of freedom available in the fitting procedure, changes of approximately 20% in the brighter bands result in a much degraded spectral match between the model and the observed spectra. In addition, the pronounced decrease in observed intensity with decreasing wavelength places clear upper limits on even the weaker bands to the left of the Dv = 0 diagonal, which corresponds to the shorter wavelengths. The correlation coefficient between the model and observed spectra shown in Fig. 4 is 0.83, indicates a 69% coefficient of determination. The measurment noise that is apparent in the OSIRIS spectrum shown in Fig. 4 has the effect of reducing the correlation coefficient. By smearing the OSIRIS spectrum over 2 nm to reduce the noise, the correlation coefficient with the model spectrum increases to 0.89, indicating an 80% coefficient of determination.
The comparison between the model and the experimental results of Jenniskens et al. [13] is shown in Fig. 5 . In this case the binned 0.1 nm model spectrum is convolved with the approximately 2.2 nm spectral resolution of the laboratory spectrum [13] . As described above, the relative intensities of bands within individual v' progressions are as given in Table 1 , but the relative vibrational populations are determined iteratively in the spectral fitting procedure. The correlation coefficient between the modeled and observed spectra shown in Fig. 5 is 0.86, this indicates a 74% coefficient of determination.
A more detailed example of how the FeO vibrational development in the D' and D states leads to the model spectrum is shown in Fig. 6 . The spectral region from 615 to 658 nm that has been chosen as the airglow spectrum differs considerably from the laboratory spectrum in this region. For the simulated laboratory spectrum, the band intensities, represented by the sizes of the square symbols, decrease rapidly from v' = 0 to v' = 5. For the simulated airglow spectrum, the band intensities, represented by the sizes of the plus signs, extend to much higher v' levels. This difference arises as the observed features extend to longer wavelengths in the airglow spectrum. For example, in the 640 nm region the higher v' levels contribute most of the emission. Because of the closely spaced nature of the spin components and the presence of many bands, the FeO orange spectrum appears to be a pseudo-continuum at typical airglow observing spectral resolution.
The vibrational term values for the D' and the X states are very similar and so result in closely spaced bands in each sequence; this is apparent in Fig. 6 . Conversely, the D state vibrational term increments are significantly different and so result in more widely spaced bands within each sequence.
A comparison between the vibrational development of the two experimental spectra, as determined from the spectral matching results shown in Figs. 4 and 5, is shown in Fig. 7 . The band intensity sums in each upper level for the airglow simulation (from Table 1 ) are compared with those derived for the laboratory spectrum. The error bars are based on the estimated precision of the match between the observed and modeled spectra. It is apparent that the airglow spectrum is populated to significantly higher v' levels than is the laboratory spectrum. This difference in vibrational development between the two FeO spectra is discussed in the next section.
Discussion and conclusions
As demonstrated in the previous section, the vibrational development of the FeO orange bands observed in the airglow is considerably enhanced relative to that observed in the laboratory spectrum. One of the major differences between the two observations is the ambient pressure. For the laboratory observations, the pressure in the reaction vessel was approximately 1 mb [13] or 100 Pa. For the airglow spectrum, the pressure in the mesopause region is approximately 0.2 Pa. The corresponding inter-collision times between ambient molecules are approximately 100 ns and 200 ms, respectively. The measured natural lifetime of the FeO ( 5 D i ) upper state is approximately 400 ns, this value is averaged over a number of bands [28] . Accordingly, because in the mesopause region the radiative lifetime is considerably shorter than the inter-collision interval, the impact of collisional redistribution is expected to be minor. However, under laboratory conditions the collision rate exceeds the rate of radiation by factor of four and thus opens the possibility of collisional redistribution.
By analogy, collision-induced vibrational redistribution has been investigated extensively for the airglow OH ( 2 P-2 P) vibration-rotation band system [32, 33] . From these analyses, collisional redistribution accounts for approximately one-half of the total loss from the higher v' states at an altitude of 90 km, the other half occurs via radiation. The rate of vibrational relaxation is highly dependent on vibrational level, increasing by more than two orders of magnitude from v' = 1 to v' = 9 [34] . For v' = 9, the vibrational redistribution efficiency, predominantly driven by O 2 , is approximately one-tenth of gas kinetic. Xue et al. [35] observed a similar strong dependence of the relaxation rate with vibrational excitation using SO 2 and collision partners. Following the above discussion, for FeO excited under the laboratory conditions the radiative lifetime is approximately four times the inter-collision interval, while in the mesopause region it is much less. This suggests that the collisional relaxation efficiency for FeO is probably near gas kinetic if it is to have the major effect shown in Fig. 7 . Figs. 2 and 3 . The lower group of vibrational transition designations is for the D-X (v', v@) bands, with labels to the right of the U = 0 subset (see Fig. 2 ). The upper group is for the D'-X (v', v@) bands with labels to the left of the U = 4 subset (see Fig. 3 ). Table A1 . Tabulation of the simulated night airglow spectrum of the FeO orange bands in 1/10 nm wavelength bins (see Fig. 4 in main text) from 500 to 720 nm (in vacuum). 
